We present a theoretical study of possible light-induced superconducting phase coherence in a solid state system after an ultrafast optical excitation. We investigate the buildup of superconducting correlations by calculating an exact time-dependent wave function reflecting the properties of the system in non-equilibrium and the corresponding transient response functions. Dynamically quenching the non-superconducting wavefunction a characteristic superfluid density emerges and a transient Meissner effect appears that we compare to experimental data. In particular, we find that the stability of the induced superconducting state depends crucially on the nature of the excitation quench: namely, a pure interaction quench induces a long-lived superconducting state, whereas a phase quench leads to a short-lived transient superconductor.
Introduction. Recent developments of ultrashort laser pulses allow for optical control of the complex matter on picosecond time-scales. Intriguing experiments at mid-IR and THz frequency ranges reported controlling non-equilibrium superconductivity [1] [2] [3] [4] [5] [6] : Tailored excitation pulses tuned resonantly to specific phonon modes have been shown to induce transient superconducting states far above equilibrium transition temperature (T c ). This goes beyond the typical photo-doping experiments [7, 8] , where the superconducting condensate is broken by ultrashort near IR pulses. So far the experiments with light-induced superconductivity can be roughly divided into two classes [9] . On the one hand superconductivity can emerge after suppression of a competing order. Here, the key experiment was performed via phonon pumping on 1/8 doped LESCO [1, 2] , where superconductivity is fully suppressed due to the appearance of a competing stripe order stabilized by lattice distortion. Melting competing stripes with a light pulse allows for the reappearance [1, 2] and enhancement [10, 11] of the superconductivity. This picture was also supported by theoretical investigations [12, 13] , where the existing superconductivity was enhanced after suppressing competing orders by optical pulses. However, most intriguing are experiments that really induce superconducting coherence into the electron system. That allows stabilizing superconducting state far above T c [3] [4] [5] [6] ; Most prominent in YBCO that was possible throughout the pseudogap phase and even up to room temperature for very underdoped samples [3, 5] . Key to these experiments is the resonant pumping of the c-axis infrared-active CuO mode, which basically modulates apical oxygen displacement from the CuO planes, leading to a redistribution of the interlayer coherence between the planes [4] ; Although the evidence for the competing order of the incommensurate CDW in YBCO was found [14] , the temperature and time dependent measurements rules out its melting as a key element of inducing superconductivity. A leading idea emphasizing the role of phonon pumping is based on the displacement of the lattice structure through non-linear phononics [15, 16] . This transient structure frozen at maximum lattice displacement suggests an enhanced superconducting coupling strength [17] . However, comparing with theoretical expectations the transient displacement and therefore impact of this effect seems rather small to explain the observed enhanced T c . Explanations going beyond the structure dynamics are focusing on the amplification of the existing electron pairing either by changing of microscopic parameters responsible for superconductivity [18] [19] [20] [21] , by parametric cooling [22] or by phononic squeezing [23, 24] . Though, none of them describe the possibility to induce superconducting coherence. An important experimental aspect, which was so far disregarded, is the possibility of the modulated effective interactions after an optical excitation. The significance of such modulations was experimentally shown on 1D organic molecules [25, 26] , where a controlled change in Coulomb interaction U was achieved, and most spectacular is discussed as a key element for possible light-induced superconductivity in K-doped C 60 [6, 27, 28] . In the latter case, a transient superconducting state was observed after a tailored optical pulse, which modulates the local charge density. However, the understanding of the microscopic mechanism for the observed superconducting signatures in nonequilibrium is still missing.
Following that view we propose here a general concept to induce nonequilibrium electronic phase coherence after an optical excitation (see Fig. 1 ) by emphasizing the role of modulated correlations U/t h . In particular, we show the possibility of light-induced superconducting coherence following two basic concepts: namely, pulse stimulated changes in the interaction strength of the electron system (e.g. on-site U ) and modification of the electron hopping t h exp(iA(t)) by the time-dependent vector potential A(t) of the light field. To capture the essential physics we simulate an electron system in nonequilibrium by the extended Hubbard model (EHM) with an additional next neighbor interaction V in one dimension (1D) at half-filling [29] [30] [31] described by the time-dependent Hamiltonian:
whereĉ † i,σ (ĉ i,σ ) represents creation (annihilation) operator for one electron with spin σ =↑, ↓ at site i. Here, the occupation number operator is given byn i =n i↑ +n i↓ withn iσ =ĉ † i,σĉ i,σ . The transient dynamics of the system is modeled in the following way: Before the excitation (at negative time delays) we prepare the system in equilibrium ground state (GS) of the CDW (see Fig. 1(a) ). Then, at t = 0 the laser pulse arises, which leads to either (I) abrupt changing interaction parameters on the diagonal of the Hamiltonian (1) (green part in Fig. 1 and (c)) or (II) to modification of the hopping by the time-dependent vector potential A(t) of the light field on its off-diagonals (blue part in Fig. 1(b) and (c)). Both drive the system out of equilibrium and induces transient superconducting state. To examine how light-induced phase coherence emerges and the system evolves toward superconductivity ( Fig. 1(a) ), we use Lanczos based exact diagonalization (see Methods).
Numerical results Induced phase coherence due to interaction quench. Light-induced abrupt change in the interaction strength of the electron system leads to the modification in the eigenstates of the system and, in turn, to the redistribution of the electrons on a lattice. To visualize this process we have calculated the excitation spectrum of the system in nonequilibrium and compared it with its equilibrium counterparts before and after quenching (see Fig. 2(a) ). Here, we prepare the system at t < 0 in equilibrium ground state (GS) with U = −4, V = 0.25 corresponding to the CDW phase and switch abruptly at t = 0 the nearest neighbor interaction parameter V into the superconducting region with V = −0.25. Thus, the strongly correlated electron system evolves for t > 0 under perturbed Hamiltonian with the modified diagonal part (see Fig. 1(c) ). Analyzing the excitation spectrum in nonequilibrium (black line) in Fig. 2 (a) we can draw some important conclusions. First of all, there are no peaks in spectrum, which could be identified with the equilibrium CDW phase (red area). Moreover, the most intensive peaks in spectrum correspond to the low-energy excited states in the equilibrium SC phase (blue area). Finally, since the interaction quench is a nonadiabatic process, the system does not appear in the ground state of the singlet SC phase after quenching, but in some nonequilibrium state E * . Physically that means, that after quenching the system goes directly into a nonequilibrum state in the SC phase and the CDW is fully suppressed, as schematically summarized in Fig. 2(b) .
To show how superconducting signatures emerges after interaction quench with time, we calculate correlation functions and more significantly the experimentally relevant time-dependent optical conductivity σ(∆t, ω) with ∆t being the time delay between the pump and probe pulses (see Methods). First we plot in Fig. 3(a) and (b) time-dependent density-density C(j, t) and on-site P 1 (j, t) correlation functions, which characterize the temporal evolution of the charge order and of the superconducting correlations, respectively. Clearly, the charge density wave state prepared at t < 0 and showing characteristic "zigzag" structure in Fig. 3(a) is strongly suppressed after quenching. At the same time, the on-site correlation function P 1 (j, t) presented in Fig. 3 (b) shows strong enhancement of the superconducting correlations in nonequilibrium. Moreover, a direct comparison of P 1 (j, t) in nonequilibrium with the result for equilibrium superconducting GS (blue dashed line) reveals a quite good agreement. Finally, we focus on a time-depended optical conductivity quantity σ(∆t, ω). Superconductivity is identified in the complex σ(∆t, ω) as follows: Due to the perfect diamagnetic response of a superconductor the imaginary part σ 2 (∆t, ω) diverges with a characteristic Landau 1/ω-behavior for ω → 0 indicating the Meissner effect. The perfect conductivity leads in the real part σ 1 (∆t, ω) to the opening of a superconducting gap of the optical conductivity and a transfer of the spectral weight into the zero frequency δ-peak. In Fig. 3(c) we show the imaginary and real (inset) parts of the optical conductivity calculated in equilibrium superconducting state (blue dashed line) and after quenching (solid lines). Clearly, after quenching σ 2 (∆t, ω) shows disappearance of the CDW response visible as clear spectral feature ω ≈ 1.8 in the equilibrium spectra (red solid line) and the appearance of a clear inductive response with a superconducting-like 1/ω behavior in the transient spectra (blue solid lines). That indicates the emergence of the superconducting correlations via the Meissner effect. Equivalent indications were also found in the temporal evolution of σ 1 (∆t, ω) (inset in Fig. 3(c) ), where the spectral weight of the low energy peak at ω ≈ 1.8 corresponding to the equilibrium CDW state is shifted after quenching into the low-energy peak at ω ≈ 0 representing a transient δ-peak.
Realistic phase quench and comparison with experiment. As discussed in the introduction we investigate now the second important case, where a light pulse modifies the electron hopping with the possibility to induce phase coherence between the electron pairs on the lattice. To examine the behavior of the system after pumping we calculated the projection of the time-dependent wave function |ψ(t) from Eq. (2) to ground states |0 in different phases (see Fig. 4 (a) ). Here, the system is initially prepared in the GS with U = −3, V = 0.5 corresponding to the CDW phase and at t = 0 gets exposed to the light field with a finite width according to Eq. (1) (blue part). The central frequency of the pulse is tuned to the first low-energy excited state in the CDW phase to guarantee an effective transfer of the pulse energy to electrons and to avoid excessive pumping of the system. The duration time of the pump pulse we set to τ = 0.05 in order to reach simultaneously different excited states of the system. As can be clearly seen in Fig. 4 (a) , after pumping the CDW component in the time-dependent wave function is only partially suppressed (red solid line), whereas the projection to the superconducting ground state (blue solid line) shows a temporal enhancement in the overlap function | ψ(t)|0 | 2 . Moreover, at t ≈ 7 the overlap with the ground state in the superconducting phase is even larger, than with the initial state (gray dashed line). In other words, after pumping the system is excited to some joint state of the CDW and SC, as illustrated in Fig. 4(b) and a dynamical coexistence of both phases is therefore possible. This interpretation is also supported by the excitation spectrum and correlation function (shown in Supplemental Material).
To explore the temporal dynamics of this joint state and, in particular, buildup of the superconducting phase coherence, we calculate the time-dependent optical conductivity (see Fig. 5 ). In Fig. 5(a) we show first the imaginary conductivity σ 2 (∆t, ω) (the real part σ 1 (∆t, ω) is presented in the Supplemental Material), where we observe a reduction of the equilibrium low-energy CDW response at both t = 1 (light red line) and t = 2 (red line) with the appearance of an in-gap state at ω ≈ 0.7. Physically this could be interpreted that laser pumping creates some photo-carriers, which remain localized on the lattice throughout the still existing CDW excitations. Subsequently, at t = 3 (blue line) the response from CDW is disappeared and the system shows a characteristic Landau 1/ω-like behavior. This we attribute as the diamagnetic response emerging from the superconducting correlation due to the Meissner effect. Moreover, a comparison with experimental results reveals a quite good agreement of the induced inductive response shown exemplary for the cuprate YBCO 6.45 under phonon pumping [5] (open black squares). We note that a 1/ω behavior is a generic characteristics found throughout induced superconductors [1, 3, 6, 10] . Finally, to characterize the superfluid density we calculate ωσ 2 (∆t, ω) by fitting the 1/ω divergence at low frequencies for each spectrum. Fig. 5(b) shows the extracted transient superfluid density as a function of time delay ∆t between pump and probe pulses. Pumping the system with a light pulse clearly leads to an induction of a finite superfluid density with an onset between ∆t = 1 to 3. On the other hand, the dynamical coexistence of the charge density wave and superconducting excitations leads to the characteristic oscillating behavior discussed above. This is also seen in the reappearing onset in ωσ 2 (∆t, ω) between ∆t = 5 to 7. Hence, the transient character of the wave function (see Fig. 4(a) ) describes a periodic decoherence and therefore leads to a short-lived transient superconducting state. Experimentally a similar onset of the induced superfluid density is also found in the above mentioned cuprate YBCO 6.45 as shown in Fig. 5(c) . The stability of the experimentally induced superconductor is limited by decoherence leading to a short-lived transient state [5] as well.
Conclusion. In the present paper we have demonstrated the possibility that tailored light pulses that modulate correlations are able to induce superconducting phase coherence in transient nonequilibrium states. Both in the correlation functions, excitation spectra and in the transient wavefunction we find clear evidences for the transient superconducting response in the light induced state. Also calculating the transient ac-optical conductivity reveals a clear superconducting response in the driven state by transferring spectral weight into the superconducting zero frequency δ-peak in the real part of the optical conductivity and the characteristic 1/ω divergence of the low frequency imaginary conductivity due to the Meissner effect. The latter allows us extracting the induced superfluid densities and a comparison with experimental quantities. Our comprehensive picture interprets this inductive response as a transient Meissner effect, since it clearly emerges from the induced superconducting correlations and excitations. Based on the quench processes the induced nonequilibrium states show distinct different transient behaviors. While for a pure interaction quench a long-lived superconducting state can be induced, for a phase quench a short-lived transient superconducting state emerges.
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Methods.
Model definition. The excitation of the system occur by a light pulse, which can be incorporated into the Hamiltonian in two different ways: (I) by interaction quench and (II) by phase quench (see Fig. 1 ). In case (I) one deals with a quite simple and popular type of the quantum quench protocol [32] , where at a fix moment in time the interaction strength parameters U and V are abruptly changed by ∆U and ∆V . The situation (II) represents excitation of an electron system with a light pulse with a finite duration time. The electromagnetic field is included into the Hamiltonian by means of the Peierls substitution. The pulse is modeled in the temporal gauge by a spatially uniform, but time-dependent vector potential A(t) = A 0 e −t 2 /2τ
2 cos (ω pump t), with A 0 being the amplitude of the laser field, ω pump representing the frequency of the pulse, and τ denoting its full width at half maximum. The vector potential A(t) reaches its maximum at t = 0. The temporal evolution of the interacting electron system obeys the Schrödinger equation, which we numerically solve by employing the timedependent Lanczos method [33] . Its general idea consists in the stepwise application of the Lanczos algorithm in time intervals δt. At each time step t + δt Lanczos method generates a tridiagonal matrix with the eigenvectors |φ l and corresponding eigenvalues ǫ l . These results are subsequently used to approximate the time-dependent wave function, which then reads:
Correlation and response functions. Based on the knowledge of the time-dependent wave function from Eq. (2) we calculate correlation functions as well as optical conductivity, which are good quantities to examine a contrast between two neighboring CDW and SC phases. The temporal evolution of the charge order can be traced by the time-dependent density-density correlations function, which for each lattice site j reads
with L being the lattice size. In analogy, to investigate the time-dependent behavior of the singlet superconducting correlations we introduce the on-site correlation function:
It should be noted that at j = 0 this function represents the double occupancy function. To calculate the optical pump-probe conductivity σ(∆t, ω), we introduce into our calculations an additional probing pulse described by A pr (∆t, t) at time delay ∆t, which is assumed to be weak and short in time. For a given pump we then sequentially calculate the time-dependent current density without and with an additional probe pulse. The difference in both results gives the current density j pr (∆t, t) induced by the probing excitation. Finally, the optical conductivity is calculated from the Fourier transformation of j pr (∆t, t) and the A pr (∆t, t) with respect to t:
Light-induced superconductivity in a strongly correlated electron system: Supplement material Phase quench Dynamical coexistence. Excitation spectrum and correlation function In Fig. 6 we plot the excitation spectrum after pumping (black line), which show several distinct peaks. The most intensive peaks in the Fourier spectrum can be identified with the initial equilibrium CDW phase. In fact, low energy peaks at ω ≈1.5, 2.5, 3.5 and 5.5 match perfectly with excitation spectrum for the CDW phase. In addition, a peak at ω ≈ 1.5 might also represent an excited state of the singlet superconducting phase, since one of the most intensive peaks in the optical spectrum of the superconducting state appears at the same frequency. Additionally, a peak at ω ≈ 1 in the Fourier spectrum can be assigned to the second intensive peak in the spectrum of the superconducting phase. Finally, some less intensive peaks at ω ≈ 5 and around ω ≈ 6 can be assigned to the superconducting phase. To explore temporal evolution of the charged order, we plot in Fig. 7 the time-dependent density-density correlation function C(j, t). Before pumping the electron system is prepared in the equilibrium ground state of the CDW phase and C(j, t) shows a characteristic "zigzag" structure (red dashed line). Clearly, the excitation of the system with the pulse leads to an effective partial suppression of the charge density wave correlations with the subsequent oscillations.
Optical conductivity Finally, in Fig. 8 we show the time-dependent real part of the optical conductivity σ 1 (∆t, ω). In agreement with the results for the imaginary conductivity σ 2 (∆t, ω) [see Fig. 5 in the main text] we observe first a partial reduction of the spectral weight of the low energy peak corresponding to the equilibrium CDW state at both ∆t = 1 (light red solid line) and ∆t = 2 (red solid line) with the appearance of an in-gap state at ω ≈ 0.7. At ∆t = 3 the response from CDW is disappeared and the spectral weight is shifted to a low-energy peak at ω ≈ 0 representing a transient δ-peak. 
